Smoking is usually initiated in adolescence, and is the leading preventable cause of death in the United States. Little is known, however, about the links between smoking and neurobiological function in adolescent smokers. This study aimed to probe prefrontal cortical function in late adolescent smokers, using a response inhibition task, and to assess possible relationships between inhibition-related brain activity, clinical features of smoking behavior, and exposure to cigarette smoking. Participants in this study were otherwise healthy late adolescent smokers (15-21 years of age; n ¼ 25), who reported daily smoking for at least the 6 months before testing, and age-and education-matched nonsmokers (16-21 years of age; n ¼ 25), who each reported smoking fewer than five cigarettes in their lifetimes. The subjects performed the Stop-signal Task, while undergoing functional magnetic resonance imaging. There were no significant group differences in prefrontal cortical activity during response inhibition, but the Heaviness of Smoking Index, a measure of smoking behavior and dependence, was negatively related to neural function in cortical regions of the smokers. These findings suggest that smoking can modulate prefrontal cortical function. Given the late development of the prefrontal cortex, which continues through adolescence, it is possible that smoking may influence the trajectory of brain development during this critical developmental period.
INTRODUCTION
Tobacco smoking is the leading preventable cause of disease and death in the United States (Center for Disease Control and Prevention, 2008) . Approximately 80% of adult smokers have progressed to nicotine dependence by age of 18 years (US DHHS), and people who do not start smoking as teenagers are unlikely ever to do so (Sussman, 2002) . Nicotine exposure during development has been linked to subsequent deficits in attention and memory, and in underlying neural circuitry (Jacobsen et al, 2007) , but there is more to learn about the interactions of smoking with the adolescent brain. Particularly relevant is the fact that the prefrontal cortex (PFC) continues to develop structurally (Giedd and Rapoport, 2010) and functionally (Galván et al, 2006; Somerville and Casey, 2010) into adulthood. This protracted development has been implicated as a cause of maladaptive decision-making associated with immature cognitive control during adolescence (Ernst et al, 2009b; Somerville and Casey, 2010) .
Developmental plasticity renders the brain vulnerable to the effects of nicotine and smoking (Dwyer et al, 2009; Mathers et al, 2006) . In rodents, frontostriatal circuitry is especially susceptible to nicotine exposure during adolescence (Schochet et al, 2005) , with subsequent cognitive deficits in adulthood (Counett et al, 2009; Fountain et al, 2008) . It has been proposed that neurotoxic effects during adolescence, when neural circuitry that subserves inhibitory control undergoes significant development, explain why early initiation of cigarette smoking leads to higher levels of nicotine dependence (Mathers et al, 2006) .
Using functional magnetic resonance imaging (fMRI) and the Stop-signal Task (SST) (Logan, 1994) as a probe to evaluate PFC function, we assessed the neural correlates of response inhibition in late adolescent smokers and nonsmokers. We selected the SST because performance on the task has been shown to correlate reliably with prefrontal cortical activation (Aron and Poldrack, 2006; Chikazoe et al, 2009; Duann et al, 2009; Li et al, 2006) . Young adult smokers exhibit a greater percentage of errors than nonsmokers, but stopping ability does not differ with smoking status . We reasoned, however, that younger participants, undergoing PFC development, might exhibit smoking-related deficits in taskrelated activity.
Successful response inhibition is associated with activation in the right inferior frontal gyrus (IFG) in nonsmokers (Aron and Poldrack, 2006) , a region that undergoes significant neurodevelopmental change during adolescence (eg, Durston et al, 2006; Giedd and Rapoport, 2010; Velanova et al, 2008) . If smoking were to influence the trajectory of development, we would expect smokers to rely less on this region and more on a distributed network, similar to findings previously shown using response inhibition tasks in youth at high risk for substance use disorders (McNamee et al, 2008; Schweinsburg et al, 2004) . In these studies, there was a negative association between response inhibition and prefrontal activation in youth at-risk for developing substance use disorders. Further, our hypothesis is based on evidence that the immature or addicted brain has inefficient function and shows a more diffuse pattern of activation than the healthy, mature brain under identical cognitive demands (Brown et al, 2005; Durston et al, 2006) . We reasoned further that task-related activity in PFC regions, critical for response inhibition, would be negatively associated with smoking behavior.
SUBJECTS AND METHODS

Participants
A total of 25 English-speaking, right-handed nonsmokers (mean age: 19.3 ± 1.32, 10 female), and 25 daily smokers (mean age: 19 ± 1.57, 11 female) were recruited through local newspaper and Internet advertisements. In keeping with the definition of adolescence as a gradual period of transition between childhood and adulthood (Dorn et al, 2006; Galván, 2010) , we consider the participants as late adolescents. After receiving an explanation of the study, participants X18 years gave written informed consent, as required by the UCLA Institutional Review Board, others gave assent, their parents giving consent.
Participants were classified as nonsmokers (o5 cigarettes in lifetime) or smokers (daily smoking X6 months). Additional requirements for nonsmokers were carbon monoxide (CO) concentrations below 5 p.p.m. in expired air (Smokelyzer, Bedfont Scientific, Kent, UK) and urinary cotinine values below the threshold of determination (NicAlert test strips, Nymox Pharmaceutical, Hasbrouck Heights, NJ). For the 25% of nonsmokers who reported having smoked a cigarette in their lifetime, the mean number of months since last cigarette was 40 months. For smokers, the requirements were X6 p.p.m. CO in expired air and/or urinary cotinine X200 ng/ml. No participant reported a medical or neurological disorder. The Structured Clinical Interview for DSM-IV was used to exclude participants meeting diagnosis for any Axis I psychiatric disorder, including current drug abuse or dependence (except nicotine for the smokers). Abstinence from substance use (except nicotine for smokers) was confirmed by urine drug screening on test days.
To assess nicotine dependence, we administered the Cigarette Dependence Scale (CDS-12) (Etter et al, 2003) , which is similar to the Fagerström Test for Nicotine Dependence (FTND) (Fagerström and Schneider, 1989) , but reportedly more predictive of nicotine craving and withdrawal (Etter, 2008) , as well as smoking abstinence (Courvoiser and Etter, 2010) than the FTND. We also calculated the Heaviness of Smoking Index (HSI), an index of smoking behavior and dependence that reliably predicts success in maintaining abstinence after smoking cessation (Borland et al, 2010) . The HSI is computed by recoding and summing the responses to two questions asked on the CDS-12: the number of cigarettes smoked per day and the time to the first cigarette of the day (Borland et al, 2010) . HSI values for the current sample (see Table 1 ) were used to test associations between smoking behavior/dependence and brain activity.
Participants did not smoke before scanning (duration of smoking abstinence range: 30-1050 min). Nicotine withdrawal can influence cognitive performance in smokers (Azizian et al, 2009; Mendrek et al, 2006; Xu et al, 2005 Xu et al, , 2007 , and to minimize such effects we did not impose abstinence of more than 30 min nor did we instruct participants to smoke up to 30 min before the scan if they ordinarily would not have smoked.
Immediately before scanning, cigarette craving was assessed using the Urge to Smoke Scale (Jarvik et al, 2000) . The Minnesota Nicotine Withdrawal Questionnaire (Hughes and Hatsukami, 2003) was administered to evaluate nicotine withdrawal over the week before scanning.
Stop-Signal Task
On each trial of the SST, a left-or right-pointing arrow appeared on the screen and was displayed until the participant responded or up to 1 s. Participants were instructed to respond as quickly as possible with a left or right key press. On 25% of trials, a stop signal (auditory tone, 900 Hz, 500 msec) was sounded, signaling the participant to withhold his/her response. After the response or 1 s (if inhibition was successful), the stimulus disappeared and was followed by a jittered delay (0.5-4 s, mean ¼ 1 s). The interval between the stimulus and the stop signal (ie, stop signal delay, SSD) was varied with each participant's performance. The SSD was increased by 50 msec after successful inhibition, and decreased by 50 msec after inhibition failure. This procedure ensured that subjects successfully inhibited their responses on approximately 50% of inhibition trials so that difficulty level was individualized across subjects, and both behavioral performance and number of successful stop trials were equated across participants.
The initial SSD was selected from one of two interleaved algorithms (staircases), each starting with SSD values of 200 and 320 ms and then increased or decreased according to the participant's performance. In Run 2, the last SSD of each staircase on the first run was used as the starting value of each staircase. There were 96 Go and 32 Stop trials per run, with equal numbers of leftward and rightward-pointing arrows. Participants performed two runs of the task (256 trials total).
Procedure
All participants received SST training immediately before scanning. They were told that correctly responding and inhibiting were equally important and that it would not always be possible to inhibit a response. Stop tones were presented through headphones, and responses were registered with an MR-compatible button box.
Behavioral Analysis
Average SSD was computed for each participant from the values of the two staircases after convergence on 50% inhibition, and SSRT was averaged across both runs. All participants responded on 475% of Go trials, with 490% accuracy on Go trials and 40-60% successful inhibition (Table 2) .
MRI Data Acquisition
A 3T Siemens Trio MRI scanner was used. For each run, 182 functional T2*-weighted echoplanar images (EPI) were acquired (slice thickness, 4 mm; 34 slices; TR, 2 s; TE, 30 ms; flip angle, 901; matrix, 64 Â 64; FOV, 200 mm; voxel size, 3 Â 3 Â 4 mm 3 ). Two volumes, collected at the beginning of each run to allow for T1 equilibrium effects, were discarded. A T2-weighted, matched-bandwidth (MBW), high-resolution, anatomical scan and magnetizationprepared rapid-acquisition gradient echo (MPRAGE) were acquired for each subject for registration (TR, 2.3; TE, 2.1; FOV, 256; matrix, 192 Â 192 ; sagittal plane; slice thickness, 1 mm; 160 slices). The orientation for MBW and EPI scans was oblique axial to maximize brain coverage. Matlab and Psychtoolbox (http://www.psychtoolbox.org) on an Apple Powerbook (Apple Computers, Cupertino, CA) were used for stimulus presentation and timing.
Imaging Preprocessing and Registration
Initial analysis was performed using FSL (http://www.fmrib. ox.ac.uk/fsl). Image time-courses were realigned to compensate for small head movements (Jenkinson et al, 2002) . All data reported are from scans that exhibited p2 mm in translational movement. The data were smoothed using a 5-mm FWHM Gaussian kernel, and filtered in the temporal domain using a nonlinear high-pass filter (60-s cutoff). EPI images were first registered to the MBW, then to the MPRAGE, and finally into standard MNI space for group comparisons and correlation analyses.
Statistical Analysis
Demographics and task-related variables were compared between groups using two-sample Student's t-tests.
Functional Neuroimaging Data
FSL was used for fMRI analyses, which were restricted to the PFC a priori using a mask from the Harvard Oxford Atlas in FSL. Go, StopInhibit (Successful Stopping), StopRespond (Unsuccessful Stopping), and nuisance events (missing responses or errors on Go trials) were modeled after convolution with a canonical hemodynamic response function (HRF). Events (1 s) were modeled at the time of stimulus onset. Temporal derivatives were included as covariates of no interest to improve statistical sensitivity. Null events, consisting of the jittered inter-trial interval when the screen was blank, were not explicitly modeled and therefore constituted an implicit baseline. For each participant, and each scan, two contrasts, indexing successful response inhibition, were computed: Successful Stopping 4 Go and Successful Stopping 4 Unsuccessful Stopping. To determine whether possible associations with smoking variables were specific to response inhibition and did not generalize to activation related to the Go process, we also computed a Go 4 Successful Stop contrast and Go 4 Baseline contrast. To isolate activation related to the Go and Successful Stop processes, we computed Go 4 Baseline and Successful Stop 4 Baseline contrasts, respectively. Regressors of interest were created by convolving a delta function representing trial onset times with a canonical (double-gamma) HRF. A second-level, fixed-effects, voxel-wise analysis combined runs for each participant, and a one-sample t-test was performed at each voxel for each contrast. Z statistic images were conservatively thresholded using clusters determined by Z 4 2.3 and a corrected cluster significance threshold of po0.05 using the theory of Gaussian Random Fields (Beckmann and Smith, 2004) . A third-level analysis was performed to compare groups using the FMRIB Local Analysis of Mixed Effects module in FSL (Beckmann and Smith, 2004) .
To examine correlations of indices of smoking behavior/ dependence (HSI), craving, and exposure (pack years) with neural activity, variables of interest were modeled as explanatory variables on the contrast maps in smokers only. In these regression analyses, the outlier rejection tool in FSL was used, which automatically detects outlier data points (Woolrich, 2008) . Outliers are then automatically de-weighted in the multi-subject statistics. For visualization, statistical maps were projected onto an average brain of the participants. Anatomical localization within each cluster was obtained by searching within maximum likelihood regions from the FSL Harvard-Oxford probabilistic atlas to obtain the maximum Z statistic and MNI coordinates within each anatomical region. All fMRI data shown were clustercorrected at Z ¼ 2.3, po0.05 and controlled for multiple comparisons using FDR in FSL.
Age of smoking initiation and current alcohol use were used as covariates in each contrast. Because alcohol use was tightly linked with smoking in our sample, each of the two variables was subjected to between-group and correlation analyses. These analyses revealed no significant group differences in correlations between these variables and brain activation. In smokers, age of initiation and alcohol use were not correlated with brain activity.
RESULTS
The groups did not differ significantly in age, education, ethnicity, or number of marijuana joints smoked per week; but did differ significantly on number of alcoholic drinks per week (Table 1 ) (also see Table 1 for age of initiating smoking, daily cigarette consumption, length of smoking history, lifetime exposure to smoking, mean dependence scores, and time from waking to smoking the first cigarette of the day). To determine whether age was associated with smoking behavior and/or exposure, bivariate correlation analyses between age and indices of cigarette dependence and behavior were performed. There were no significant correlations between the variables examined and age (HSI (r ¼ 0.01, p ¼ 0.47) and pack years (r ¼ 0.30, p ¼ 0.14)).
Immediately before scanning, cigarette craving was scored as 3.24 on average (range: 1.2-6.3) on a scale of 1-7 (UTS). Although 14 of the subjects had smoked within 2 h of scanning, 11 of them had not smoked for at least 2 h. Still, retrospective reports of nicotine withdrawal over the 7 days before testing (first nine items of the MNWS) indicated that the young smokers tested here generally did not suffer high levels of withdrawal. With a possible score of 30, the mean score was 10.1, with only 2 of the 25 participants reporting scores of 20 or above.
Behavioral Results
There were no significant group differences in task performance (Table 2) . Inhibition success rate did not differ significantly from 50%, with few discrimination errors on Go trials; and values of the SSRT were in the range reported for healthy adults (Jenkinson et al, 2002) in both groups. Median RT on Go trials was not correlated with SSRT, consistent with the assumptions underlying the Stop-signal race model (Logan, 1994) .
fMRI Results
Successful stopping. Successful response inhibition (Successful Stop4Baseline, Successful Stop4Go, and Successful Stop4Unsuccessful Stop contrasts) activated a broad neural network, consistent with previous reports (Aron and Poldrack, 2006; Congdon et al, 2010) with activation in bilateral IFG, cingulate cortex, supplementary motor area, striatum, thalamus, central opercular cortex, insular cortex, superior temporal gyrus, planum temporale, middle temporal gyrus, supramarginal gyrus, and occipital pole in both groups (Figure 1; Supplementary Table 1 ). There were no significant group or gender differences.
Go process. The Go process (Go4Baseline contrast) activated the supplementary motor cortex, precentral gyrus, and cingulate gyrus (data not shown). There were no significant group differences, and this contrast will not be discussed further.
Relationship between neural activation and response inhibition (SSRT). Across all subjects, SSRT during successful inhibition was significantly negatively correlated with activation in the IFG, insula, cingulate, orbitofrontal cortex, and temporal gyrus. Individuals with greater stopping capacity (smaller SSRT) showed greater recruitment in these regions (Figure 2; Supplementary Table 2 ). There were no positive correlations between neural activation and SSRT, and no group differences in correlation between activation and SSRT.
Smoking Behavior and Neural Activation During Response Inhibition
The HSI was negatively correlated with left and right MFG (
, and right superior frontal gyrus (x ¼ 24, y ¼ À2, z ¼ 66) in the Successful Stop4Baseline contrast (Figure 3a ; Supplementary Table 3) , and with left IFG (x ¼ À52, y ¼ 14, z ¼ 14) in the Successful Stop4Go contrast (Figure 3b ; Supplementary Table 3 ). There were no significant correlations with the Successful Stop4Unsuccessful Stop contrast. Cigarette craving and pack years were not significantly associated with neural activation during response inhibition.
Smoking Behavior and Neural Activation During Responding
To determine whether associations between smoking variables and neural activity were specific to response inhibition, the same smoking variables that were described above, including HSI and pack years, were subjected to correlation analyses with neural activation during the Go response (Go4Baseline and Go4Successful Stopping contrasts). There were no significant correlations between any of the smoking variables examined and neural activation during the Go response, except a negative correlation between HSI and activity in the supplementary motor cortex (x ¼ 2, y ¼ À8, z ¼ 64) in the Go4Baseline contrast (data not shown).
DISCUSSION
In this study of PFC function in late adolescents, smokers did not differ from nonsmokers on task-related PFC activity during response inhibition; however, an index of smoking behavior and dependence was negatively correlated with neural activation during inhibition. These results suggest that either smoking behavior influences PFC function, or that individuals who have low inhibition-related neural activity a priori show more severe smoking behavior. Although previous studies have shown gender differences in adolescent substance users (Medina et al, 2008; Squeglia et al, 2009) , none were observed in this sample.
The major contribution to the literature of this study is its examination of brain function during response inhibition in adolescent smokers. Although working memory and attention in adolescent smokers have been studied before (eg, Jacobsen et al, 2007) , previous studies have not examined response inhibition, even though adolescent smokers reportedly have deficits in response inhibition (Dinn et al, 2004) . Previous studies have also focused less on examining relationships between smoking and neural activation. Studying this phenomenon in adolescents is of utmost importance, given the high prevalence of initiation Across all subjects, including nonsmokers and smokers, there was a significant negative correlation between stopping time (SSRT) and neural activation in the IFG, insula, and temporal gyrus, as individuals who were able to stop faster (smaller SSRT) showed greater neural recruitment of these regions. 
, and right superior frontal gyrus (x ¼ 24, y ¼ À2, z ¼ 66) in the Successful Stop4Baseline contrast (a), and with left IFG (x ¼ À52, y ¼ 14, z ¼ 14) in the Successful Stop4Go contrast (b). There were no significant correlations with the Successful Stop4Unsuccessful Stop contrast.
Neural correlates
A Galván et al of smoking in adolescents. In fact, individuals who do not start smoking as teenagers are unlikely ever to do so (Sussman, 2002) . The similarity in performance of adolescent smokers and nonsmokers on the SST is consistent with a previous finding that adult smokers do not differ from nonsmokers on SSRT . The lack of a performance deficit on the SST in late adolescent smokers tested here or in adult smokers suggests that motor response inhibition may be maintained through compensation despite potential effects of smoking on related cognitive processes.
Associations of Smoking Behavior with Brain Function
Lower levels of neural activation were associated with behavioral features of cigarette smoking. Greater HSI was associated with proportionally less cortical activity in IFG, MFG, SFG, cingulate, and areas of motor cortex during successful response inhibition. The associations observed between smoking behavior and neural activation suggest that adolescents who are heavier smokers show neural profiles that are more similar to adult smokers (eg, atypical neural recruitment compared to nonsmokers) (Azizian et al, 2010; Xu et al, 2007) than adolescents who smoke fewer cigarettes and exhibit less nicotine dependence. To ensure that those participants who were heavier smokers in this sample were not actually adults (19-21 years of age), correlation analyses were conducted, and they revealed no association between age and smoking behavior or cumulative exposure We speculate that, although some effects of smoking on the brain may not be evident soon after smoking initiation in adolescence, they may evolve when smoking persists from adolescence through adulthood (Azizian et al, 2010) , or when smoking in adolescence increases to levels seen in adulthood. Notably, although studies of adults show strong right-lateralized activation in the IFG during response inhibition, the findings reported here are left lateralized in IFG and bilateral in other frontal regions, possibly reflecting a greater reliance on a more distributed network in immature (Brown et al, 2005; Durston et al, 2006) and patient (Jacobsen et al, 2007; Tapert et al, 2007) than adult samples.
Smoking behavior in the current sample was similar to previous findings on adolescent smokers (Ernst et al, 2009a) . For instance, Ernst et al (2009a) reported an average daily consumption of 2-5 cigarettes/day in a sample of more than 75 adolescents (aged 12-16 years). Our data on cigarette dependence agree with a previous comparison of the CDS-12 between adult (ages 20-74) and adolescent (ages 12-19) smokers (n ¼ 3,009), which showed mean values of 44.6 (SD ¼ 11.1) and 36.9 (SD ¼ 9.7), respectively (Etter et al, 2003) . However, adolescent smokers who smoke more frequently than the subjects studied here (average of 6.7 cigarettes/day) differed from nonsmokers in cognitive and neural measures (eg, Jacobsen et al, 2009) , consistent with observations involving adults (Azizian et al, 2010) . For example, adolescents who smoked an average of 11.4 cigarettes/day had greater activation than nonsmokers in left ventrolateral PFC and left inferior parietal lobe, and reduced functional connectivity between these regions with increasing memory load (Jacobsen et al, 2007) . Aside from differences in recent smoking, duration of smoking abstinence is also potentially important, with 24-h abstinence accounting for the largest reported differences between adolescent smokers and nonsmokers (Jacobsen et al, 2007) .
Neurodevelopmental Vulnerability to Nicotine
There is evidence to suggest that the developing brain is particularly vulnerable to the effects of nicotine (Dwyer et al, 2009 ). For instance, there are greater nicotine-induced increases in extracellular dopamine in the nucleus accumbens of the adolescent rat than in the adult (Shearman et al, 2008) . Adolescent rodents also exhibit greater nicotineinduced gene expression (eg, c-fos) in frontostriatal circuitry than adults (Schochet et al, 2005) . These effects parallel the sensitivity of adolescent rodents to the rewarding properties of nicotine, acquiring intravenous nicotine self-administration more readily and taking larger amounts than adults (Chen et al, 2007; Levin et al, 2007) . In contrast, conditioned place preference and taste aversion procedures show that high doses of nicotine are perceived as aversive in adult but not in adolescent animals (Shram et al, 2006; Torres et al, 2008) . In summary, exposure to nicotine during adolescence may preferentially interfere with frontostriatal circuitry, and these effects may subsequently contribute to poor regulatory behaviors and susceptibility to nicotine dependence (Dwyer et al, 2009 ).
Neurodevelopment in Adolescent Substance Users
Numerous studies have explored the neurodevelopment of frontostriatal circuitry in adolescent drug abusers ), but generally have not determined whether observed abnormalities reflect risk factors for substance use disorders or neurotoxic effects of the substances. With respect to adolescent smoking, untoward effects may result from neurotoxicity of tobacco smoke and excessive stimulation of nicotinic acetylcholine receptors during development (Dwyer et al, 2009) . Structural studies suggest that volumetric abnormalities in the brains of adolescent substance users arise from the neurotoxic effects. For instance, in one study, alcohol users had smaller hippocampal volumes than matched control subjects, even though the groups did not differ with respect to family history of substance use disorders, parental SES, IQ, and other preexisting differences that could presumably affect brain morphology (Medina et al, 2008) . Functional studies on adolescents who abuse illegal drugs, (Jacobsen et al, 2007 (Jacobsen et al, , 2009 Tapert et al, 2007) provided some results similar to those reported here. For instance, our observation that adolescents who had longer histories of tobacco smoking showed less prefrontal engagement resembles the finding that duration of regular marijuana use by adolescents was negatively correlated with activation in BA 10 during response inhibition (Tapert et al, 2007) .
Potential Confounds/Limitations
Chronic smoking decreases basal cerebral blood flow (Kubota et al, 1983) and increases hematocrit (Isaka et al, 1993) , which increases the blood oxygenation level-dependent (BOLD) contrast (Levin et al, 2001) . As the fMRI signal in this study is based on BOLD contrasts, group differences in the coupling between neural function and associated increases in cerebral blood could introduce a potential confound for interpretation of BOLD signal change (Jacobsen et al, 2002) . However, BOLD signal did not differ significantly between conditions of nicotine or saline infusion in a study of adult smokers (ages 18-37 years) (Jacobsen et al, 2002) , supporting the conclusion that changes in BOLD signal observed during fMRI studies of nicotine effects can be attributed to direct neuronal effects of the drug rather than its effects on the cerebral vasculature (Jacobsen et al, 2002) .
The absence of significant group differences in stopping ability, whereas inhibition-related activation in the PFC was correlated negatively with clinical indices of smoking behavior is not completely explained. This dissociation suggests that compensatory mechanisms maintain performance despite effects of smoking on circuitry that supports response inhibition. Absence of group differences in inhibition-associated activation may be a limitation because of sample size, although a sample of 25 participants per group is not small in comparison with most fMRI studies. In this regard, the smoker group had substantial variability in prefrontal cortical function and in indices of smoking behavior. Although this variability was useful in demonstrating associations between smoking behavior and brain activity, it worked against observing a between-group difference, given the sample size.
It is possible that the nonsmokers in this study were particularly abstemious, as reflected in significantly lower levels of alcohol consumption and nonsignificantly lower levels of marijuana use in this group as compared with the smokers. This potential confound may be especially difficult to eliminate in comparisons of smokers with nonsmokers. Nonetheless, the criterion for definition of a nonsmoker in this study (o5 cigarettes/lifetime) was no more rigorous than one used in previous studies of adolescents (eg, Jacobsen et al, 2007 (o2 cigarettes/lifetime) ). There are known effects of abstinence on brain activity (eg, Azizian et al, 2010; McBride et al, 2006; Mendrek et al, 2006; Rose et al, 2007; Sweet et al, 2010) . However, we did not impose abstinence in this sample because we wanted to preclude withdrawal from influencing cognitive performance and neural activation in smokers. The smokers in this study were not heavy smokers, and retrospective reports of nicotine withdrawal over the 7 days before testing (first nine items of the MNWS) indicated that the young smokers tested here generally did not suffer high levels of withdrawal. Nonetheless, there is a slight possibility that not controlling for duration of abstinence potentially confounded the results.
Our study did not determine whether the associations between smoking behaviors and activation related to response inhibition were caused by or preceded the initiation of smoking. It is possible that individuals who have a greater deficit in cortical function a priori have more trouble resisting smoking and ultimately become nicotine dependent. Alternatively, this study might have captured the initial manifestations of the effects of smoking on prefrontal cortical activity, as smokers with longer smoking histories exhibited more aberrant prefrontal function. Answering these questions would require a longitudinal study, involving participants before they initiated smoking behavior.
CONCLUSION
Indices of smoking behavior were negatively related to PFC function during response inhibition in adolescent smokers. The lack of significant differences in the patterns and levels of neural activation in adolescent smokers and nonsmokers during response inhibition suggests that early interventions during adolescence may prevent the transition from cigarette use to dependence that is prevalent during late adolescence (Curry et al, 2009 ).
